An automatc gain control detection system was developed for the purpose of amplifying the signal to the right level for the computer correlation and to compensate for the attenuation of the ultrasound in the tissue.
INTRODUCTION
VARIOUS types of malignant and benign breast tumors are associated with clusters of calcifications with grain sizes ranging from 0.1 to 1 mm or larger [4] . These clusters may contain as few as 5 or 6 grains or, in some cases, many tens of grains. The clusters may vary from spherical distributions of about 1 cm in diameter to elongated distributions spread out over several centimeters. The correlation between the existence of microcalcification clusters and some forms of carcinoma is believed to be greater than 80 percent.
Up to 45 percent of nonpalpable breast cancers are only detected on X-ray mammograms as a cluster of small calcifications [1] , [3] , [9] . Fig. 1 shows an X-ray photograph of a typical microcalcification cluster. Since the patient receives radiation during mammography, it is useful to consider nonionizing techniques such as ultrasound to determine whether these calcifications could be detected and their spatial distributions mapped out. It is assumed that the ultrasonic approach does not contribute any known hazard to the patient and could be used as a routine screening process. However, present commercially available ultrasound machines do not appear able to reliably detect most calcifications smaller than 5 mm in diameter [6] .
We have shown previously that ultrasonic echoes from clusters of calcium carbonate grains ranging in size from 0.1 to 1 mm and larger could be detected above the background reflections from normal tissue [5] . In Fig. 2 we show the scattered amplitude of calcium carbonate grains with mean diameters ranging from 0.1 to 1 mm using pulsed 2.25, 3.5, and 5.0 MHz transducers. The Fig. 4 we show the signals from a ten grain cluster (grain diameter 0.2 to 0.4 mm) in a gelatin-Solkafloc phantom using transducer frequencies of 5 and 2.25 MHz. In Fig. 5 we show the signal from calcium carbonate grains embedded in breast tissue (a) and in beef liver (b), using 2.25 MHz transducers. As can be seen from the figures, the background scatter from the breast tissue and the liver medium is only slightly higher than that of the gelatinSolkafloc phantoms and is still appreciably smaller than the scattered signal from the grain clusters.
A gelatin-Solkafloc phantom of an elongated cluster of calcium carbonate grains with diameters in the range 0.5-1 mm diameter embedded in it is shown in the X-ray photograph in Fig. 6(a) . This same phantom was placed in a water tank equipped with a 3.5 MHz transducer. A simple ,B-scan was taken by using a translational motion of the transducer which was mounted on a carriage with a screw feed. The single plane image was displayed on a Tektronic 4012 graphic terminal. In a clinical machine, the transducer array would be moved mechanically or steered electronically to provide full tomographic coverage of the breast region in a series of parallel planes, with a multiple number of viewing directions in each plane.
It should be noted that the number of dots in the ,-scan displays need not equal the number of scattering grains for the following reasons: 1) although the Picker and Aerotech transducers that we used were damped, their response to a single grain was still three or four damped oscillations and could be counted as one or more grains, depending on the threshold level of the digitizing electronics; 2) depending on the nearest neighbors distance distribution between the grains in the clusters, interference effects can occur which change the amplitude of some oscillations; and 3) more dots can result if the cluster is over-scanned by recording receive signals from,the cluster for transducer positions closer than the width of the incident beam at the cluster position. For a given scan pattern the extent of overscanning is known from the transducer beam width. Hence, a correction for this, as well as for the effect of multiple oscillations, can be done retrospectively by computer manipulation of the scan pattern. The linear amplifiers, timing discriminators, and other recording electronics that we used were set for this stage of the project in order to search for calcification clusters of known size and position within the phantom. However, we were curious to see whether the conventional diagnostic ultrasound machines were capable of mapping out the clusters in our phantoms. For this purpose, we used a Rohe compound ,B-scanner and a Varian electronically steered heart scanner with our samples with 1.25 cm diameter, 3.5 MHz transducers with signal attenuation compensation. The results of scanning a cluster of 10 grains (grain diameter = 0.2 to 0.4 mm) are shown in Fig. 7 .
The gain controls for signal attenuation compensation and other features had to be set precisely in order to see the grain clusters without flooding the scan with extraneous reflections. Furthermore, neither of these machines has provisions for systematic volume scans and signal correlations; hence, it is unlikely that such clusters could be detected reliably by con- Fig. 8 . In the zero degree scans, the container walls are clearly shown. Both scans show the cluster location and the interface location. However, it is important to note that the cluster location is well defined in both, and that different segments of the interface appear at different locations in the two photographs. The display format and the mechanical scanning arrangement for the correlation ,B-scans is shown in Fig. 8(a) . Note that the transducer can be moved through an angle to either side of the zero degree position. For mechanical reasons involving the mounting of the phantom, the direction of rotation of the transducer was to the left of the zero degree position. [8] . Such a system must be able to compensate for the differences in tissue attenuation that may vary from patient to patient in a clinical situation without intervention from the attending technician. Initially, the computer would determine background signal level and set the gain control. The average level of background signals would then be stored for future subtraction from the measured amplitudes of the signals during the actual scan. The initial scans would then be basically free from ordinary tissue scatter with specularly reflecting boundaries and cluster grain signals visible in the scans. To first order this is correct. However, some additional background subtraction may be necessary when fatty globules are present in the scan path.
This correlation technique was tested on a number of phantoms. As shown below, the basic correlation method works well in locating the clusters uniquely. The main problem was the size of the correlated cluster sometimes appears reduced in size. That is, the condition requiring comparably sized signals from different angle scans in each pixel tends to eliminate pixels that are on the edges of the cluster. In some cases the areas of the clusters were reduced by as much as a factor of 1.5. Fig. 9 shows a block diagram of the scan electronics that we developed to solve these problems. Signals sent initially from the computer pulse to the transducer, set the gain adjustment on the exponential amplifier, and gated the integrator. By sampling the background signals with no compensation in the system, a least squares fit is made to determine the absorption coefficient a. This value of a then becomes the exponent used by the exponential gain amplifier to provide the compensation for distance attenuation gain. The computer then sets the amplifier system to the appropriate gain and samples the background once more. The fitting process is repeated until the proper compensation is established. The size of the compensated background signal is then measured and stored for future use. The resulting scan system was then used to scan Solkafloc phantoms. Fig. 10 shows the results of scanning a phantom that consisted of a gelating-Solkafloc mixture (5 percent Solkafloc by weight) with a I cm size cluster of calcium carbonate grains (0.4 to 0.6 mm grain size) embedded in it. In addition, a curved specularly reflecting boundary made from polyethylene was inserted near the cluster. A schematic of this phantom is shown in Fig. 10(c) . A wire mesh was secured to the outside of the plastic container in order to provide a trigger signal to the electronics at the phantom boundary.
Scans of the phantom were taken at four angles from O°t o 30°at 10°intervals. As can be seen in Fig. IO(a) , signals due to the cluster, boundary, and wire mesh are visible in all four scans. Portions of the wire mesh are seen at all angles for reasons described earlier. Different segments of the plastic boundary are also seen in the different views depending on the angle of the scan. The computer then subtracted the measured background level from each scan and then correlated the scans. It was asked to keep only those pixels for which all four scans showed comparably sized signals. All other pixels were set to zero. The resulting correlation tomogram is shown in Fig.  10(b) . As can be seen,onlytheclusterandaportionofthewire mesh satisfy the correlation condition. The resulting cluster is about 2 pixels on a side; some edge pixels were eliminated by the correlation condition.
To simulate the effect of fat globules in tissue,we constructed a phantom with a cluster of 20 grains (grain diameter = 0.4 to 0.6 mm; cluster diameter = I cm) in a gelatin-Solkafloc mixture, and injected a large globule of vegetable oil. Fig. 11 shows a comparison of the amplitudes of the signals received from an oil globule and the cluster; in general, the grain signals are at least a factor of 2 larger. Fig. 12 shows the correlation tomograms of this phantom. At high sensitivity both the cluster and parably sized signals in all the scans. The assumption we made is that a tissue interface or other structure capable of reflecting a large specular signal is unlikely to reflect it back onto more than one receiver at any given measuring position. In addition, it is possible to distinguish cluster correlations from those obtained from fatty globules in the tissue by reducing the sensitivity of the scan. Since the oil globule signals are appreciably smaller than the grain signals, they will not correlate at a reduced sensitivity. 
